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RESUMO 
 
Em Portugal, à semelhança do que se passa no resto da Europa e América do Norte, existe um grande 
número de pontes metálicas antigas que requerem operações de manutenção e reabilitação. Estas pontes 
foram projectadas para condições de tráfego desajustadas das condições actuais. A substituição, num 
curto prazo, destas infra-estruturas por novas é extremamente dispendioso dado o seu elevado número. 
Os estudos conducentes à manutenção e reabilitação devem basear-se em propriedades dos materiais tão 
próximas quanto possíveis dos materiais reais existentes nas pontes. Dada a avançada idade das pontes, 
não estão previstos nos códigos de projecto actuais dados relevantes para os respectivos materiais. Pelo 
exposto, este trabalho tem como objectivo a previsão global do campo S-Nf probabilístico de um detalhe 
estrutural executado em ferro pudelado extraído da Ponte Eiffel de Viana do Castelo, recorrendo a uma 
abordagem unificada, iniciação e propagação de fendas por fadiga, baseada no modelo proposto por 
Noroozi et al., conhecido por modelo UniGrow, para modelar a propagação de fendas por fadiga, com 
base na abordagem da tensão local para fadiga, visando a determinação da vida de propagação de fendas 
para detalhes estruturais. Este modelo, denominado modelo UniGrow, é baseado em tensões residuais, 
e é aplicado neste trabalho para obter o campo de propagação de fendas de fadiga probabilística (campos 
p-S-Np) para detalhes estruturais. O campo de iniciação probabilístico da vida à fadiga (campos p-S-Ni), 
para um detalhe estrutural executado em ferro pudelado extraído da Ponte Eiffel, é determinado usando 
uma abordagem locais juntamente com os campos probabilísticos, p-SWT-N e p-εa-N, para calcular o 
dano por fadiga do primeiro bloco de material elementar, à frente do entalhe. Além, da aplicação da 
abordagem unificada baseada no modelo proposto por Noroozi et al., os resultados experimentais dos 
provetes lisos e entalhados são tratados com recurso ao modelo de avaliação à fadiga proposto por 
Kohout e Věchet. Uma generalização deste modelo para vários parâmetros de dano é proposto. Uma 
avaliação do factor de redução da resistência à fadiga é feita usando este método. 
 
 
 
 
 
 
 
 
 
 
 
PALAVRAS-CHAVE: Fadiga, Abordagens Locais, Abordagem Probabilistica, Modelação por 
Elementos Finitos, Ferro Pudelado. 
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ABSTRACT 
 
In Portugal, similarly to what happens in the rest of Europe and North America, there is a large number 
of old steel bridges that require maintenance and rehabilitation operations. These bridges were designed 
for different traffic conditions of the current conditions that are generally higher. The substitution in the 
short term, these new for infrastructure is extremely expensive given their high number. Studies 
conducive to maintenance and rehabilitation should be based on material properties as close as possible 
to the existing real materials on bridges. Due to old Age of the bridges, the current design codes do not 
have relevant data for the old materials. For these reasons, a probabilistic approach is used to generate 
S-N curves, applied to a structural detail of puddle iron from the Eiffel Bridge, using local approaches 
based on probabilistic SWT-N fields, in order to model both fatigue crack initiation and fatigue crack 
propagation. This study uses an extension of the model proposed by Noroozi et al. to model fatigue 
crack propagation, based on the local strain approach to fatigue, aiming at determining the crack 
propagation for a structural detail. This model, denoted UniGrow model, has been classed as a residual 
stress based crack propagation model, and is applied to derive probabilistic fatigue crack propagation 
fields (P-S-Np-R fields) for a notched detail. The required material representative element size, ρ*, was 
previously assessed by the Correia et al., using fatigue crack propagation data. The probabilistic fatigue 
crack initiation fields (P-S-Ni-R fields), for notched plates, are determined using an elastoplastic 
approach together with the P-SWT-N fields to calculate the fatigue damage of the first elementary 
material block. The global prediction (crack initiation and propagation) of the probabilistic S-N fields is 
presented as a unified approach. In addition to the approach described above based on the model 
proposed by Noroozi et al., an evaluation of fatigue experimental results of smooth and notched 
specimens is processed using the fatigue model proposed by Kohout and Věchet. A generalization of 
this model for various fatigue damage parameters is proposed. A review of the fatigue strength reduction 
factor is made using this method. 
 
 
 
 
 
 
 
 
KEYWORDS: Fatigue, Local approach, Probabilistic approach, Finite Element Modelling, Puddle 
Iron. 
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1 
INTRODUCTION AND OBJECTIVES 
 
1.1. MOTIVATION 
Deterministic fatigue approaches have deserved a major attention of researchers despite the well-known 
probabilistic nature of fatigue damage [1]. Probabilistic based approaches are mandatory alternatives 
since they account for scatter of fatigue results and allow us the establishment of safety margins in 
fatigue life predictions, constituting an important tool to assist design activities [1]. Despite the relevance 
of the probabilistic approaches for fatigue, most important current design codes are still based on 
deterministic approaches [1]. 
Probabilistic fatigue models have been essentially directed to S-N based fatigue approaches. Strain based 
approaches and Fracture Mechanics based approaches used in fatigue analysis has not been much 
studied. The S-N fatigue approach may be used to characterize the fatigue behaviour of plain material 
being also applied directly to the design of structural details. Many design codes use this approach 
typically to correlate existing experimental data, the details being categorised by classes, such as, EC3 
[2] and AASTHO [3]. This type of approach requires intensive testing of a variety of details in order to 
account for the several sources of scatter in materials and geometric/mechanical characteristics. The 
idea of using basic S-N data from plain material to generate S-N curves for structural details by resorting 
to a convenient model is very appellative for engineers since it allows testing times to be shorten with 
consequent costs reduction. 
Old metallic bridges are more susceptible to fatigue failures than modern metallic bridges. These old 
bridges have suffered very long operational lives and are made of materials named of puddled iron, 
which are characterized by higher heterogeneity of fatigue properties. This abundance of heterogeneities 
leads to increasing scatter of the fatigue properties. Thus, the application of probabilistic approaches are 
even more justified for materials and structural components from these bridges. Reliability analysis of 
bridges is becoming a very common approach, in which the structural resistance, including fatigue, 
needs to be properly accounted for in a probabilistic form. 
 
1.2. OBJECTIVES 
Probabilistic fatigue models are required to account conveniently for several sources of uncertainty 
arising in the prediction procedures for structural details, such as the scatter in material behaviour. 
The main objective of this study is to use a procedure proposed by Correia et al. [1,4] to derive 
probabilistic S-N fields for structural details [1,4]. This procedure is applied to a notched geometry with 
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elliptic central hole made of puddle iron from the Eiffel bridge, based on the local approaches supported 
by the probabilistic εa–N or Smith–Watson–Topper (SWT)–N fields [4,5]. This procedure suggests an 
extension of the fatigue crack propagation model proposed by Noroozi et al. [6,7] to structural details, 
in order to cover both the fatigue crack initiation and fatigue crack propagation, based on local strain 
approaches to fatigue. Both fatigue crack initiation and fatigue crack propagation mechanisms are 
accounted for in the proposed approach. The numerical results are compared with available experimental 
S-N fatigue data for the notched plate under consideration. 
Other objective of this study is to obtain the fatigue life response of material and structural details under 
several types of loading leading to different regimes of fatigue failure. These regimes may range from 
quasi-static monotonic loading to very high cyclic fatigue damage. The fatigue Kohout-Věchet (KV) 
model describes the region of cycles from the tensile strength fatigue load to fatigue limit. In this work, 
the fatigue S-N response of smooth specimens and notched details made of material from the Eiffel 
bridge, based on original suggestion by Kohout and Věchet, is presented. The experimental results 
related to the fatigue behavior of the cylindrical smooth specimens were obtained through fatigue tests 
under stress-control conditions. This study validates the importance and applicability of the global S-N 
models to describe the Wöhler S-N curve, from tensile strength to the fatigue limit, in the fatigue life 
evaluation of structural details. 
 
1.3. ORGANISATION OF THE THESIS 
The thesis begins with an introduction (Chapter 1), in which the motivation, objectives and structure of 
the thesis are presented.  
The introduction is followed by a review about fatigue models (Chapter 2) that describes the following 
topics: stages of fatigue damage, distinct approaches to fatigue modelling including global S-N 
approaches, local approaches and Fracture Mechanics based approaches. In addition, local approaches 
for fatigue crack propagation modelling are reviewed and a global overview of probabilistic models for 
fatigue are presented. In special emphasis is given more attention to the probabilistic models proposed 
by Castillo and Fernández-Canteli [5]. In this chapter, a procedure to procedure to derive probabilistic 
fatigue crack propagation fields proposed by Correia et al. [1,4] is presented. 
In the Chapter 3, entitled fatigue experimental data, fatigue data of material from the Eiffel bridge is 
presented. In particular strain-life, cyclic elastoplastic and fatigue crack propagation behaviours are 
characterized for the material from Eiffel bridge. In addition, fatigue stress-life data of cylindirical 
smooth specimens were used. Also, S-N fatigue data for the structural detail with an elliptical hole made 
of material from the Eiffel bridge are presented. This last experimental results will be used to apply the 
procedure proposed by Correia et al. [1,4] in order to derive probabilistic S-N fields for structural details. 
The Chapter 4 entitled probabilistic S-N field prediction for a notched plate made with material from 
the eiffel bridge presents an application of the general procedure proposed by Correia et al. [1,4] in 
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order to model fatigue crack propagation based on the local strain approach to fatigue taking into account 
probabilistic models of fatigue damage parameters. This analysis allowed to determination of the fatigue 
life for the structural detail under consideration taking into account both crack initiation and crack 
propagation phases. In this chapter, the local approaches to fatigue are also applied to structural detail 
with an elliptical hole made of material from the Eiffel bridge to derive both probabilistic fatigue crack 
propagation fields (p–S–Np–R fields) and fatigue crack initiation fields (p–S–Ni–R fields). The global 
prediction of the probabilistic S–Nf field is presented in a unified approach. Fatigue crack initiation is 
understood as the failure of the first elementary material block at notch root, and fatigue crack 
propagation is understood as the failure of successive elementary material blocks along the crack path. 
Chapter 5 is entitled a fatigue analysis for a notched detail based on smooth specimens data using 
Kohout-Věchet model. In this chapter, a fatigue S-N curve of smooth specimens and structural detail 
made of material from the Eiffel bridge is evaluated, based on original suggestion by Kohout and Věchet. 
These fatigue curves allowed to find the complete fatigue S-N response of the material and to estimate 
the fatigue strength reduction factor for the structural detail consisting of a plate with an alliptical hole 
manufactured of material from the Eiffiel bridge. This analysis included the short and long-term fatigue 
domains. 
The thesis finishes with Chapter 6, where the main conclusions of the work performed and the proposals 
for further work are presented. 
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2 
REVIEW ABOUT FATIGUE MODELS 
 
 
2.1. INTRODUCTION 
Currently the scientists and engineers are more attention to the fatigue damage phenomenon. The fatigue 
analysis is already included in the currentl design codes having as a consequence the safety of structures 
and structural details. Despite significant advance a maturity in fatigue phenomenon understanding, 
various specialized scientific journals focused on this topic reveal that fatigue phenomenon is not yet 
fully understood and progress for its better understanding is still possible [1]. 
This chapter presents an overview of the fatigue models used in the fatigue analysis, being followed in 
the literature. Firstly, a brief overview of the general considerations is introduced. Thereafter, a summary 
of the main fatigue approaches, such as, stress based and strain based models, which are present currently 
in the literature are also presented. Other aspect focused in this chapter are the probabilistic fatigue 
approaches/models available in the literature. 
 
2.2. PHASES OF THE FATIGUE LIFE 
Microscopic investigations in the beginning of the 20th century have shown that fatigue crack nuclei 
start as invisible micro-cracks in slip bands. After a micro-crack has nucleated, crack growth can still be 
a slow and erratic process, due to effects of the micro structure, e.g. grain boundaries. However, after 
some micro-crack growth has occurred away from the nucleation site, a more regular is observed. This 
is the beginning of the real crack growth period. Various steps in the fatigue life are indicated in Figure 
2.1. The important point is that the fatigue life until failure consists of two periods: the crack initiation 
period and the crack growth period. Differentiating between the two periods is of great importance 
because several surface conditions do affect the initiation period, but have a negligible influence on the 
crack growth period. It should already be noted that fatigue prediction methods are different for the two 
periods [8]. The stress concentration factor, , is the important parameter for predictions on crack 
initiation. The stress intensity factor, , is used for predictions on crack growth. 
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Figure 2.1 – Different phases of the fatigue life and relevant factors. 
 
2.3. GLOBAL S-N APPROACHES 
Design and evaluation procedures are typically empirical in nature. Because no unified theory can 
reliably predict fatigue response, experimental testing is usually performed to describe the fatigue 
strength of structural members. Small-scale specimens, as well as full-scale specimens, have both been 
used to understand the fatigue behaviour of structural members [9]. 
Depending on the specific research program undertaken and the S-N field region covered by the 
experimentation, different intuitive models (parabolic, hyperbolic, linear, piecewise linear, etc.) have 
been proposed in the literature to fit experimental data [5,9,10]. 
Fatigue curves, plotted as straight lines when stress range, ∆, and fatigue life, , are expressed in 
logarithmic scale, as illustrated in Figure 2.2, are used to describe the cyclic response of a given 
structural detail. 
Constant amplitude  , or stress range ∆, will result in a value of the cyclic life, N. A number of 
specimens must be tested to establish the representative S-N strength of a particular structural detail. 
Discrepancies between the predicted mean strength and the test results often occurs because so many 
factors influence the strength [9,10]. 
Practice design codes [11] adopt the following form the S-N curve, proposed by Basquin: 
∆ = 
 (2.1) 
where C and m are material constants. 
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Figure 2.2 – Stress range versus number of cycles to failure. 
 
To carry out an assessment of the remaining fatigue life of old steel bridges and crane structures, critical 
structural details have to be identified and categorised. The treatment of fatigue life in structural details 
are described by design rules of several European and North American standards [11,12], such as, 
Eurocode 3 [2], BS 5400 [13] and AASHTO [3] standards. 
Kohout and Věchet proposed an expression for the fatigue S-N curve (see Figure 2.3) that allows to 
describe the experimental results of fatigue tests in all regimes (very high to very low). The KV model 
[14] is given by following expression: 
 =   + 
 + 
 
 ≡   +  + 

 ≡  1 +  ⁄1 +  
⁄ 

 
(2.2) 
where, a and b are Basquin parameters, σ1 is the value of stress for the number of cycles N=1, σꝏ is the 
fatigue limit stress, B and C are parameters of new function. 
 
Figure 2.3 – Schematic representation of the Kohout-Věchet stress-life curve. 
 
very low low Finite life high very 
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Log N 
Lo
g
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Lemaitre and Chaboche [15] proposed an analytical representation for the S-N curves given as, 
 =  − "" − #$% 
" − $%&1 − '$%
(
 (2.3) 
where " and $% are, respectively, the maximum and mean controlled stresses of the cycle, #$% is the endurance fatigue limit for a mean stress,  is the ultimate tensile strength. The 
endurance fatigue limit #$% can be determined using a modified form of Goodman’s equation: $% = $% + #&1 − '$% (2.4) 
where #& is the endurance fatigue limit for a fully reversed loading and ' is the slope of the assumed 
linear relation between the endurance fatigue limit and the medium stress. The endurance fatigue limits 
are expressed in the form of the maximum stress of the cycle. 
 
2.4. LOCAL APPROACHES 
Fatigue design philosophy has evolved from fatigue limit and infinite life criteria to approaches based 
on finite life behaviour [16,17]. The local approaches use fatigue damage parameters to correlate fatigue 
test results, especially for crack initiation life. 
In order to predict the fatigue life under a specified condition, different fatigue damage parameters have 
been proposed to correlate fatigue life. The local approaches are generally divided into three categories, 
i.e., stress-based, strain-based and energy-based methods, when stress, strain or energy are respectively 
used as the fatigue damage parameter. 
The stress-life method uses the alternating stress amplitude to predict the number of cycles to failure. 
This method is based on comparing the stress amplitude to a stress amplitude versus fatigue life curve 
(S-N diagram): 
∆2 = *. ,- (2.5) 
where * is the fatigue strength coefficient, and b is the fatigue strength exponent. 
The strain-based method uses a strain versus life curve along with the cyclic stress versus strain curve 
of the material instead of the S-N curve used in the stress-based method. The coefficients and exponents 
that define these curves are treated as fatigue properties of the material (see Figure 2.4). The elastic and 
plastic components of strain amplitude, ∆. 2⁄ , may be related with the fatigue life is expressed: 
∆. 2 =⁄ ∆./ 2 + ∆.0 2⁄ =⁄ *1 . ,- + .* . ,-2 (2.6) 
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Figure 2.4 – Schematic plot of elastic, plastic and total strain amplitudes versus reversals to failure. 
 
2.5. FRACTURE MECHANCIS 
The key contribution in the Fracture Mechanics field is attributed to Paris and his co-authors [18] who 
first recognized the relation between the stress intensity factor at an existing crack tip and the crack 
advance under cyclic loading: 
33 = 4. ∆ (2.7) 
where %%5 is the fatigue crack growth rate; ∆ is the stress intensity factor range and 4 is a function of 
the stress intensity factor range to be defined. A simple power function was proposed by Paris, between 
the fatigue crack growth rate and the stress intensity factor range, at a given crack tip [18]: 
33 = 
. ∆ (2.8) 
where 
 and m are material constants. This crack propagation relation was verified to be valid for a 
specific fatigue crack propagation regime, particularly in the fatigue crack propagation regime II, which 
lies in between the near threshold fatigue crack propagation regime (regime I) and the near unstable 
crack propagation regime (regime III), as illustrated in Figure 2.5. 
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Figure 2.5 – Fatigue crack propagation regimes. 
 
Despite its significant contribution, the Paris relation shows important limitations that were overcome 
by proposals of alternative and more complex fatigue crack propagation relations. An extensive review 
of numerous fatigue crack propagation relations was given by Beden et al. [19], either for constant and 
variable amplitude loading. The stress ratio effect is an important load parameter influencing the fatigue 
crack propagation rate, which is not accounted by the simple Paris model. Walker [20] proposed an 
alternative relation to overcome this limitation of the Paris model. Both Paris and Walker models are 
valid for the crack propagation in regime II. Hartman and Schijve [21] extended Forman equation to 
cover the three crack propagation regimes. 
The most common use of the fracture mechanics based on fatigue crack propagation relations, consists 
in residual fatigue life assessment of mechanical components or structural details containing initial 
known defects acting like cracks. This can be accomplished integrating the crack propagation law, 
according to the following expression: 
33 = 4∆, 7, …  →  = : 34∆, 7, … 
;
<
 (2.9) 
where = is the initial crack size and  the critical crack size, which is defined by the unstable crack 
propagation, dictated by the material toughness, or plastic failure at the net section. 
One practical solution in using an empirically assumed crack length, such as 0.25–1 mm for metals [22-
24] whereby the assumption of such macro-crack could underestimate the fatigue life of the component. 
Some authors complement this approach with a local approach based on strain-life relations to compute 
the number of cycles to initiate such macro-crack [25,26]. This approach shows a drawback related to 
the definition of the precise size of the initial crack within the range above referred. In many cases, a 
calibration process is required. 
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2.6. FATIGUE CRACK PROPAGATION MODELLING USING LOCAL APPROACHES 
A link between the local approaches to fatigue, typically used to simulate fatigue crack initiation, and 
fatigue crack propagation has been demonstrated and explored by some authors [6,7, 27-32]. These 
approaches recognize fatigue crack propagation as a process of continuous crack re-initializations. The 
local approaches to fatigue are applied to the plastic process zone ahead of the crack tip to simulate the 
fatigue crack growth. Basically, to predict fatigue crack growth, it is necessary to predict the stress/strain 
fields ahead of the crack tip and to apply a failure criterion to model the crack separation. An averaging 
process over a characteristic length is required due to the singularity introduced by the crack tip. The 
various approaches differ among each other in the way the geometry of the crack is defined, the 
expressions used to compute the local stresses and strains, the damage model and the characteristic 
length along which the damage model parameters are computed. 
Glinka published a study in 1985, where a notch stress-strain analysis approach was applied to model 
fatigue crack growth. The crack was assumed to have a notch with a tip radius, >∗ and the material ahead 
of the crack tip was assumed to be divided into elemental blocks of finite linear dimension, >∗ (see 
Figure 2.6). The crack growth was assumed as the failure of successive elemental blocks, the fatigue 
crack growth rate being defined by the following relation: 
33 = >
∗
 (2.10) 
where fN  represents the number of cycles to fail the elemental block of dimension, >∗. 
To simulate the elemental block failure, the Coffin-Manson relation, later modified by Morrow, to 
account for mean stress effects, was applied using the elastoplastic stress/strains computed using the 
basis elastic solution for a blunt crack and the density energy criterion by the same author. The basis 
elastic solution was derived using the effective stress intensity range, which takes into account the crack 
closure effects. The author was able to correlate fatigue crack propagation data in the region I and II of 
fatigue crack propagation. This early work by Glinka was resumed twenty years later by Glinka and his 
collaborators, namely Noroozi, Lambert and Mikheevskiy [6,7,28,30,31]. The basic premises of the 
early work by Glinka were followed, but a more sophisticated procedure to compute the elastoplastic 
stress/strains at the representative material element was adopted. Instead of the crack closure correction, 
compressive residual stresses were computed due to the cyclic elastoplastic action. These compressive 
residual stresses are used to correct the stress intensity factor range leading to a net stress intensity range, 
which is used to correct the elastoplastic stress/strain field. This approach was demonstrated to work 
well for both constant and variable amplitude loading [6,7,28,30,31].   
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Figure 2.6 - The discrete material model and the crack tip geometry at the maximum and minimum load: a) crack 
and the discrete elementary material blocks; b) The crack model at the tensile maximum and compressive 
minimum loads used for the linear elastic stress analysis [6,7,28,30]. 
 
Ellyin and Kujawshi [27] proposed a low-cycle fatigue-based crack propagation model. This model is 
based on the assumption of three important plastic regions ahead of the crack tip for a propagating crack 
(see Figure 2.7). The region I is the process zone, denoted by @∗. The behaviour of this process zone is 
modelled with an energetic damage parameter, ∆. ∆.0, proposed by Ellyin. The damage parameter is 
evaluated using analytical solutions for the plastic field ahead of a crack with a critical blunt tip radius 
>2 Two analytical plastic fields were explored, namely the HRR (Hutchinson-Rice-Rosengren) and RKE 
(Rice-Kujawski-Ellyin) fields [27]. The crack tip blunting is responsible for finite damage parameters 
as the distance to the crack tip approaches to zero. 
 
The model proposed by Peeker and Niemi [29] allowed the description of the near threshold fatigue 
crack propagation data and the stable crack growth (see Figure 2.8). The size of the elements used to 
discretize the crack path is determined taking into account two criteria: a) the size must be large enough 
to represent the local material properties by their mean value using continuous variables, and b) its size 
should be related to material micro-structural parameters, such as the material grain-size. For structural 
steels, the criteria result in an average element size of 0.1 mm=100µm [29]. 
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Figure 2.7 – Three regions in the front of the fatigue crack according to the Ellyin model [27]. 
 
 
Figure 2.8 – Crack discretization with elements according to the model proposed by Peeker and Niemi [29]. 
 
Hurley and Evans [32] also proposed a local strain approach to the fatigue crack propagation modelling 
of a Ti 6246 alloy. These authors proposed the process damage zone being equal to the cyclic plastic 
zone ahead of the crack tip. The elastoplastic stress/strains at crack tip were computed by means of a 
non-linear finite element analysis and allowing the damage state of the cyclic plastic zone to be 
determined.  The fatigue life of the process zone was computed using the Walker strain that was 
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correlated directly with the fatigue life, from the experimental data using a power relation. This Walker 
strain is defined according to the following relation: 
.A = "1 . Δ.. 1"
A
 
(2.11) 
where " is the maximum stress, E is the Young modulus, Δ. is the strain range and W is a constant 
varying between 0 and 1. These authors applied the following definition of the cyclic plastic zone, which 
is assumed to equal the process damage zone under plane strain conditions: 
Δ= = 13. E .  ΔK2. &
G
 
(2.12) 
where & is the cyclic yield stress and H the stress intensity factor range computed from the numerical 
model. The approach proposed by these authors was much simpler than those proposed by the previous 
authors. It was supported by numerical models disregarding analytical aspects that allowed other authors 
to demonstrate the relation between these local approaches to fatigue crack modelling and the fracture 
mechanics approaches for fatigue crack propagation modelling. 
 
2.7. PROBABILISTIC APPROACHES TO FATIGUE 
One concern of the probabilistic approaches to fatigue is to account for the scatter in the S-N curves, and 
make possible the definition of appropriate reliability levels when they are applied in fatigue 
assessments. In reference [33], a discussion about the typical scatter in the S-N curve was presented. 
This scatter raises as the fatigue life increases and stress amplitude decreases (see Figure 2.9). 
 
Figure 2.9 – Typical scatter band in a S-N curve [79]. 
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In the engineering practice, the scatter of the S-N curves is accounted for by performing a linear 
regression analysis on log(Nf) vs. Log (σa) data and determining a mean S-N curve with the respective 
standard deviation, assuming a LogNormal distribution for the number of cycles given the stress range. 
Afterwards, safety margins are established using the lower two-sigma or three-sigma design curve 
method. This means that the design curve can be derived by shifting the median strain–life curve in log 
coordinates to the left by two or three times the sample standard deviation. This is the case of the 
majority of existing design codes (e.g. EC3, BS5400, AASHTO). 
Zhao et al. [34] proposed a probabilistic fatigue S–N field including the super-long life regime for a 
railway axle steel. The curves and the fatigue limits, which are connected together in concurrent 
probability levels, are estimated by the test data in the mid-long life regime. The proposed field seek the 
improvement of existing code S-N curves which is commented by the authors to be very conservative 
for long-term fatigue lives. In this study the LogNormal distribution was assumed for the fatigue lives 
given the stress amplitude. 
In the literature one may find relevant work trying to model the complete probabilistic S-N field. This is 
the case of the works by Basternaire [35], Spindel and Haibach [36] and Pascual and Meeker [37]. 
One of the most popular probabilistic approaches adopted in the literature for fatigue analysis in existing 
deterministic models, consists in incorporating the variability of their individual parameters/properties 
through adequate probabilistic distributions. The parameters/properties are assumed random variables 
following specific probabilistic distributions. The output of the model may be computed using sampling 
techniques such as Monte Carlo and could be for example the complete p-S-N field of a mechanical 
component or structural detail. This approach allows complex fatigue models to be used, previously 
validated using deterministic approaches, and permits the derivation of probabilistic outputs of these 
models to be performed, otherwise impossible to achieve in an analytical explicit form. This has been 
accomplished for both fatigue crack initiation and fatigue crack propagation problems. For example, 
Correia et al. [38] and Sanches et al. [39] have proposed this approach for the probabilistic modelling 
of the fatigue strength of riveted joints from old bridges. These authors adopted the local fatigue 
approaches for fatigue crack initiation modelling and the fracture mechanics approaches to model the 
fatigue crack propagation. Uncertainty in the parameters of the models was accounted for assuming 
random variables following specific statistical distributions and Monte Carlo sampling was used to 
derive the P-S-N field for the riveted joints. In this approach, besides the fatigue parameters uncertainty, 
uncertainty in mechanical parameters influencing the behaviour of the joint such as friction and 
clamping stresses was included in the approach. The macroscopic crack definition was also considered 
as a random variable. 
Kandarpa et al. [40] applied the strain-life relation by Morrow to assess the fatigue behaviour of notched 
specimens. The material constants characterizing the strain-life equation are assumed random variables. 
It is interesting to note that they adopted LogNormal distributions for the ductility and strength fatigue 
coefficients and normal distributions for the respective exponents and for the stress concentration factor 
of the notched details. Importance factors for the material constants characterizing the problem are 
analysed to determine which uncertainties are most significant. The failure probability was computed 
using a first-order reliability method (FORM), second-order reliability method (SORM) and Monte-
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Carlo simulation (MCS). Comparison of the results indicated that SORM and MCS provided similar 
results, whereas the FORM results have over-predicted the failure probabilities. 
Concerning the formulation of local strain based probabilistic approaches based on Morrow strain-life 
relations, Meggiolaro and Castro [41] performed a statistical assessment of the parameters from the ε-N 
Coffin-Manson and σ-ε Ramberg-Osgood relation, taking into account a significant database of 
materials (steels and aluminium alloys).  Statistical distributions were tested for each one of the involved 
parameters. 
Zhao et al. [42] proposed a framework for a strain-based fatigue reliability analysis. The analysis-related 
experimental methods and test data are worked out first. The random models, considering the entire 
material constants as dependent random variables using the Morrow law and the modified Ramberg–
Osgood equation, respectively, for random cyclic strain–life and stress–strain relations are then 
successively proposed with considerations of survival probability and sampling size related confidence. 
Reliability methods are established on a basic consideration of the random cyclic straining applied and 
capacity interference. Some deficiencies have been overcome from the assumption of incomplete 
independent random variables, the lack of consideration of the random cyclic stress–stress relations, and 
the empirical selections of partial statistical parameters in existent methods. 
Williams et al. [43] proposed a method for the development of statistical strain–life curves from strain 
controlled fatigue test data. The method establishes i) a series of selection criteria ensuring that the data 
used in the statistical analysis are significant and truly representative of the material behaviour; ii) a 
procedure for the statistical analysis that ensures that each domain of material behaviour is accurately 
represented; iii) a method based on the approximate Owen tolerance limit to account for the nature of 
scatter fatigue data. The approximate Owen Tolerance limit method allows the establishment of 
reliability/confidence levels as a function of the sample size. 
Probabilistic fatigue life prediction based on fracture mechanics approach is a topic that requires a 
significant development, particularly due to the absence of fully probabilistic analytical models for 
fatigue crack propagation. However it is recognized that fatigue crack propagation is a stochastic 
process. The approach to reach probabilistic life predictions, using a fracture mechanics approach 
consists in adopting a deterministic fatigue crack propagation approach and assuming that its parameters 
are random variables following specific statistical distributions based on both experimental data and 
empirical assumptions. This approach was followed by Liu and Mahadevan [44] to derive probabilistic 
S-N fields. They adopted the theory of the equivalent initial flaw size (EIFS) and deterministic fatigue 
crack propagation. Afterwards, they proposed a distribution for the EIFS (lognormal) while for the crack 
propagation law they fixed the exponent and assumed the coefficient as well as the threshold stress 
intensity factor as being random variables. Using the Monte Carlo sampling and integrating the crack 
propagation law, the authors were able to predict the probabilistic S-N field. 
More recently the works by Castillo and Fernández-Canteli [5], gave new momentum to the analytical 
probabilistic models for the description of the complete Wohler field, using both physical and statistical 
conditions. The probabilistic S-N model is given by the following expressions: 
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IJKL; JKL∆ = N = 1 − OPN Q− JKL − JKLΔ − 
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JKLΔ − 
 ≥ R 
(2.13) 
where: N is the lifetime; ∆σ is the stress level; F() is the cumulative probability distribution function 
(cfd) of N for given ∆σ; B=log(N0), N0 being a threshold value of lifetime; C=log(∆σ0), ∆σ0 being the 
endurance fatigue limit; and λ, β and δ are nondimensional model parameters (β: Weibull shape 
parameter; δ: Weibull scale parameter; λ: Weibull location parameter defining the position of the zero-
percentile curve).
 
 
The mathematical structure of this model is kept, and using a fatigue strain damage parameter was 
proposed by Castillo and Fernández-Canteli [5], leading to the following relations based on a Weibull 
distribution: 
I,JKL; JKLε- = N = 1 − OPN Q− JKL − JKLε − 
 − R@ 
ST 
JKL ≥  + RJKLε − 
 
(2.14) 
where B=log(N0), C=log(εa0) and  λ, β, δ are the Weibull parameters. 
 
2.8. PROCEDURE TO DERIVE PROBABILISTIC FATIGUE CRACK PROPAGATION FIELDS 
The procedure proposed by Correia et al. [1,45] to derive probabilistic fatigue crack propagation fields 
may be summarized into three steps, as follows: 
 
1) Estimation of the Weibull parameters for the p−SWT−N or p−εa−N models, described in section 3.2.3 
of Chapter 3 of this thesis, using experimental εa−N or SWT−N data from smooth specimens; 
 
2) Application of the UniGrow model with probabilistic fatigue damage models; 
 
3) Computation of the p−da/dN−∆K−R field. 
The UniGrow model can be implemented in a worksheet, supported on VBA programming, specifically 
developed for the CT geometry. The input data are the material properties, loads, dimensions of the CT 
specimen, including the initial and final crack size to be simulated. Additionally, the elementary material 
block size, >∗, is required. This parameter may be evaluated by a try and error procedure in order the 
numerical results to fit satisfactorily the experimental data. Figure 2.10 gives a general overview of the 
procedure. 
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Two possibilities for the elastoplastic analysis at the crack vicinity are envisaged, namely based, 
respectively, on the Neuber and Glinka’s approaches [6,7]. The multiaxial elastoplastic approach as 
proposed by Moftakhar et al. [46] and Reinhard et al. [47] were considered. This approach is based on 
Hencky’s total deformation equations, and has been demonstrated to provide accurate predictions for 
the stress-strain field at notch roots, under proportional loading. However, the UniGrow model requires 
not only the evaluation of the elastoplastic stress-strain response at the crack tip but the assessment of 
the elastoplastic stress-strain response along the crack path, in order to allow the residual stress to be 
computed. Since the analytical multiaxial elastoplastic approach does not model the stress redistribution 
due to yielding, this approach may lead to inconsistent predictions of the residual stress distribution. 
Therefore, in this research the residual stress distribution is computed using a finite element approach, 
whereby the results are compared with those from the analytical approach. Since the UniGrow model is 
a residual stress based crack propagation model, the accuracy of the residual stress distribution plays a 
significant role on predictions. 
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Figure 2.10 – Procedure to generate probabilistic fatigue crack propagation fields. 
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3 
FATIGUE EXPERIMENTAL DATA 
 
3.1. INTRODUCTION 
The maintenance and safety of old metallic riveted road and railway bridges fabricated and put into 
service at the end of the 19th century and beginning of 20th century deserve particular attention. These 
structures were designed taking into account traffic conditions, both in terms of vehicle gross weight 
and frequency, completely different from those arising nowadays. On the other hand, the current design 
procedures existing in the 19th century had not in consideration a fatigue phenomena. During the 20th 
century, the fatigue has been studied intensely. Fatigue failures are a concern for steel bridges [1], being 
recognised as the major cause of failure in metallic bridges. Thus, the government authorities have 
increased concern in the maintenance and retrofitting of the old riveted metallic bridges. In order to 
assure safety levels in old riveted metallic bridges, government authorities have to invest heavily in their 
maintenance and retrofitting of those infrastructures [1]. 
Residual life calculations of existing bridges in operation should take into account fatigue as a 
progressive damaging mechanism. A consistent residual life prediction should be based on actual fatigue 
data from bridge members being assessed. 
The S–N approach allows to obtain higher safety levels and is widely used to assess the fatigue damage 
of riveted connections. This approach is included in design codes of practice, such as, EC3-1-9 [2], 
AASHTO [3], BS5400 [13], etc. This S-N approach is based on detail category S–N curves and relates 
the total number of cycles to failure to the applied stress range. Additionally, it can be used the Fracture 
Mechanics to assess the residual fatigue life of damaged riveted connections [48]. This approach 
requires the knowledge of the initial defect, which may be assessed by inspection. 
Local approaches to fatigue, based on local or notch stresses or strains, are frequently used to assess the 
fatigue crack initiation [49]. The application of the local approaches to fatigue as well as the Fracture 
Mechanics requires the knowledge of experimental fatigue data of the plain material, such as strain-life 
fatigue data as well as fatigue crack propagation data. This data is generally available in the literature 
for modern construction steels. However, there is a lack of experimental fatigue data for materials used 
in old metallic riveted bridges. 
In this chapter the characterization of the fatigue behaviour of the material from of the Eiffel bridge is 
presented. Besides the strain-life and the fatigue crack propagation behaviour, the monotonic and cyclic 
elastoplastic behaviours, the microstructures and the chemical composition of the material are also 
presented [1]. In addition to the material characterization, stress-life data of smooth specimens and S-N 
data of structural details with an elliptical hole are also presented in this chapter. To the strain-life data 
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were applied the probabilistic models proposed by Castillo and Canteli [5] and Correia et al. [1,4] based 
on the Weibull distribution in order to build the probabilistic SWT-N and εa-N fields for the material 
from the Eiffel bridge. These probabilistic fileds are presented in this chapter. These experimental results 
were executed and collected by Correia et al. [1]. 
The Eiffel bridge was designed by Gustave Eiffel and inaugurated on 30th of June 1878, showed in Fig. 
3.1. This 573 m long and 6 m wide bridge, made of a continuous deck composed by nine spans, crosses 
the Lima river, between Darque and Viana do Castelo, and serves both road and railway traffic. The 
material used in the experimental program was extracted from a beam of the railway Darque viaduct, 
which was removed during the last rehabilitation, occurred between 1st February 2006 and 30st October 
2007 [1]. 
 
Figure 3.1 – Riveted metallic Eiffel bridge in Viana do Castelo. 
 
3.2. MONOTONIC AND FATIGUE BEHAVIOUR CHARACTERIZATION 
3.2.1. Basic Mechanical Properties 
The material from the Eiffel bridge was characterized using monotonic tensile tests. These tests were 
conducted according to the Portuguese NP 10002-1 Standard [50]. Table 3.1 summarizes the diameter 
and cross-section of the cylindrical specimens used in the monotonic tensile tests. Distinct diameters 
were selected since the material samples extracted from the bridge showed distinct sizes. Besides the 
strength properties, the elastic properties, such as, the Young modulus and Poisson ratio, of the materials 
were estimated. 
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Table 3.1 – Cross-sections of the specimens used in the monotonic tensile tests of the materials from the bridges. 
 
Table 3.2 – Summary of results from the monotonic tensile tests for the material from Eiffel bridge [1]. 
 
The results from the monotonic tensile tests, for the material of the Eiffel bridge is presented in Table 
3.2 (fu is the ultimate tensile strength, fy is the higher yield stress, A is the elongation at fracture and Z is 
the reduction in cross-section at failure). 
Table 3.3 shows the mean values, standard deviation and coefficient of variation (COV) of the various 
properties evaluated with the monotonic tensile tests for the material under consideration. Also are 
dislayed the mean values, standard deviation and COV of the properties for the materials extracted from 
the angle and web of the south viaduct girder of the Eiffel bridge, respectively, the TA and TC 
specimens. The global mean, standard deviation and COV of the properties for all specimens taken from 
the web and the upper angle of the south viaduct girder of the Eiffel bridge. This material shows the 
lowest ductility properties. 
Table 3.3 – Mean, standard deviation and COV of the monotonic tensile properties for the material in study [1]. 
 
Bridge Diameter Cross-section
Material mm mm
2
Viaduct 4 12.57
Viaduct 5 19.63
Viaduct 6 28.27
Diagonal 6 28.27
Eiffel
Specimen f u f y A Z
- MPa MPa % %
TA1 387.0 345.0 6.80 4.70
TA2 376.0 309.0 13.20 14.70
TA3 285.0 282.0 2.00 0.80
TA4 276.0 275.0 0.80 1.60
TC1 424.0 297.0 14.30 35.30
TC2 428.0 295.0 22.00 31.70
TC3 286.0 269.0 3.20 2.00
TC4 272.0 267.0 2.80 2.00
Specimen Statistical data f u f y A Z
- MPa MPa % %
Mean 331.0 302.8 5.70 5.45
Standard Deviation 58.6 31.8 5.63 6.39
COV [%] 17.7 10.5 98.81 117.28
Mean 352.5 282.0 10.58 17.75
Standard Deviation 85.1 16.2 9.30 18.25
COV [%] 24.1 5.7 87.91 102.79
Mean 341.8 292.4 8.14 11.60
Standard Deviation 68.6 25.8 7.58 14.26
COV [%] 20.1 8.8 93.12 122.95
TA/TC
TA
TC
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The elastic properties of the material from the Eiffel bridge were computed indirectly from cyclic 
elastoplastic analysis. Table 3.4 summarizes the estimates of the elastic properties for the material. 
Table 3.4 – Elastic properties of the materials from the bridges. 
 
3.2.2. Microstructure and Chemical Composition 
Figure 3.2 illustrates typical microstructure of the material from the Eiffel bridge that is mainly 
composed of a ferrite matrix. The material exhibit lined-up inclusions induced by deformation, the 
density of them being however is higher in the centenary materials, thus limiting the material ductility 
and increasing the scatter of mechanical properties [1,51]. 
 
Figure 3.2 – Microstructures of the material from the Eiffel bridge. 
Table 3.5 summarizes the chemical composition of material samples from the Eiffel bridge [1,51]. The 
chemical composition was evaluated using the spark emission spectrometry technique. This material 
shows significant variable chemical compositions, which are verified by the typical heterogeneous 
microstructures of the material from the Eiffel bridge. Due to the low carbon content they should exhibit 
a ferrite matrix. 
Table 3.5 – Chemical composition for each material of the bridges (wt.%) [1,51]. 
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3.2.3. Cyclic Elastoplastic behavior and Strain-life data 
This section presents the strain-life fatigue data and cyclic elastplastic behavior obtained for the material 
from the Eiffel bridge. Strain-life fatigue data from tests performed on smooth specimens may be used 
to assess the crack initiation, in the framework of local approaches to fatigue [20]. Additionaly, the 
probabilistic SWT-N and εa-N fields of the strain-life data using the assumptions of the probabilistic εa-
N model proposed by Castillo and Canteli [5] are presented. These probabilistic fields of fatigue damage 
parameters are used to evaluate the fatigue life of existing structural details. 
Smooth specimens with rectangular cross section were machined from material samples from the Eiffel 
bridge. These specimens were used to carry out fatigue tests under strain-controlled conditions, 
according to the ASTM E606 Standard [52]. The tests were performed in an Instron close-loop servo 
hydraulic machine, model 8801, rated to 100 KN. The deformation was measured using an Instron clip 
gauge, model 2620-602 with displacement range of ± 2.5 mm. A base gauge length of 12.5 mm and 25 
mm were used with specimens from the Eiffel bridge. The fatigue tests, in all series, were conducted at 
room-temperature in air under constant strain amplitudes at a frequency adjusted to result an average 
strain rate of 0.008/s. The average gauge cross sections were 6.4 × 5.2 mm2 for the Eiffel bridge (27 
specimens), which were tested under strain ratios equal to -1. 
The parameters of the cyclic curve of the material were evaluated by the relation proposed by Morrow 
[53]: 
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(3.1) 
where K’ and n’ are the cyclic strain hardening coefficient and exponent, respectively; ∆εP is plastic 
strain range; and Δσ is the stress range. In metals, the cyclic strain hardening exponent, n’, varies usually 
in range of 0.05 to 0.25. 
Alternatively, the Ramberg–Osgood relation of the cyclic curve using the total strain amplitude instead 
of the plastic strain may be given by follows form [54]: 
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(3.2) 
where E is the Young modulus, ∆σ is the stress range, ∆ε is the strain range, ∆εE is the elastic strain 
range, ∆εP is the plastic strain range, K’ and n’ are the same constants of Equation (3.1). 
Figures 3.3 and 3.4 presents the stabilized hysteresis loops together with the cyclic for the sample curve 
and the superposition of several stabilized hysteresis loops, with the lower tips coinciding at the origin 
of the graph, respectively, for the material from the Eiffel bridge, obtained for a strain ratio equal to -1 
The analysis of the Figure 3.4 shows some deviation from the Masing behaviour; however, that deviation 
may be partly attributed to the scatter in material behaviour due to the high level of heterogeneities found 
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in the microstructures of the material. Taking into account the scatter effects one may conclude that this 
material fairly follows the Masing behaviour [1,51]. 
Figure 3.5 illustrates the evolution of the cyclic stress amplitude with the number of cycles for the tested 
strain ranges, which shows some cyclic hardening for higher strain ranges. This cyclic hardening reduces 
progressively with diminishing applied strain range until it stabilizes when elastic behaviour is achieved. 
Figure 3.6 shows the cyclic curve of the material in the form of the stress amplitude versus plastic strain 
amplitude that allowed the estimation of the K’ and n’ parameters using the Equation (3.1). 
 
Figure 3.3 – Stabilized hysteresis loops together with the cyclic curve, Rε=-1. 
 
Figure 3.4 – Stabilized hysteresis loops together with the cyclic curve, with the lower tips coinciding at the origin, 
Rε=-1. 
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Figure 3.5 – Stress amplitude versus number of cycles for fully-reversed strain-controlled tests, Rε=-1. 
 
Figure 3.6 – Cyclic curve, ∆σ/2 versus ∆εP/2 (Rε=-1). 
Strain-life results in the low-cycle fatigue regime are represented using the relation between the strain 
amplitude, ∆ε/2, and the number of reversals to failure, 2Nf, usually used to describe the crack initiation 
phase. Morrow [53] suggested the superposition of Coffin-Manson [55,56] and Basquin [57] relations, 
resulting in a general expression, valid for low and high-cycle fatigue regimes: 
( ) ( )cffbffpE N2'N2
E
'
222
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(3.3) 
where * is the fatigue strength coefficient, b is the fatigue strength exponent, E is the Young modulus, .* , fatigue ductility coefficient, and c is the fatigue ductility exponent. 
25
75
125
175
225
275
325
375
425
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08
Number of cycles, N
S
tr
e
ss
 a
m
p
li
tu
d
e
, 
∆σ
/2
 [
M
P
a
]
1.00
0.80
0.70
0.60
0.50
0.40
0.30
0.30
0.26
0.25
0.203
0.195
0.188
0.188
0.166
∆ε (%)
Δ
σ
/2
Plastic strain amplitude, ∆ε P /2 [-]
S
tr
e
ss
 a
m
p
li
tu
d
e
, 
  ∆
σ
/
2
 [
M
P
a
] 
1.0E-5 1.0E-4 1.0E-3 1.0E-2
1.0E+2
1.0E+3
1
n'
log(Δσ/2 ) = 2.810 + 0.0946 log(Δε
P
/2 )
R
2
=0.904
Δ
σ
/
2
Δ
P
/2
Probabilistic fatigue assessment for a notched geometry made of puddle iron from the Eiffel bridge 
 
28 
 
Alternatively to the Morrow relation, the Smith-Watson-Topper fatigue damage parameter [58] can be 
used, which shows the following form: 
( ) ( ) ( ) cbfffb2f2fmax N2''EN2'SWT2 +⋅⋅+⋅==⋅ εσσε∆σ  (3.3) 
where σmax is the maximum stress of the cycle and SWT is the damage parameter. Both Morrow and 
Smith-Watson-Topper models are deterministic models and are used to represent the average fatigue 
behaviour of the bridge materials based on the available experimental data. 
Figure 3.7 presents the strain-life data for the material from the Eiffel bridge. The data are correlated 
based on the Coffin-Manson, Basquin and Morrow models. Figure 3.8 presents the fitting of the fatigue 
data using the Smith-Watson-Topper damage parameter (SWT=σmax.εa) resulting in a good correlation 
with the experimental data. This last damage parameter accounts for the mean stress effects, since it 
depends on the maximum stress of the cycle. 
Table 3.6 summarizes the main parameters derived from the low-cycle fatigue tests, including the 
constants from the strain-life equation and the cyclic curve of the material from the Eiffel bridge [1]. 
 
Figure 3.7 – Strain-life curves according to Morrow’s model, Rε=-1. 
Table 3.6 – Low-cycle fatigue constants for the material from the Eiffel bridge, Rε=-1. 
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Figure 3.8 – Fitting of the SWT model to the lifetime for the material data from Eiffel bridge, Rε=-1. 
In this sub-section, probabilistic fatigue fields are presented rather than the deterministic SWT-N or εa-
N models defined by references [58] or [53], respectively. 
Castillo and Fernández-Canteli [5] proposed a probabilistic εa-N field, based on the Weibull distribution, 
which allows the correlation of the experimental strain-life data. 
Besides the original p-εa-N field proposed by Castillo and Fernández-Canteli [5], a generalization of the 
probabilistic field was proposed by Correia et al. [1], using an SWT damage parameter. The SWT 
parameter was proposed by Smith-Watson-Topper [58] to account for mean stress effects on fatigue life. 
Correia et al. [1] used this last damage parameter to generate an alternative probabilistic field, sensitive 
to mean stress effects. The SWT-N and εa-N fields exhibit similar characteristics. Therefore the p-εa-N 
field proposed by Castillo and Fernández-Canteli was extended by Correia et al. [1] to represent the P-
SWT-N field as follows: 
( ) ( )
( ) ( ) λ
δ
λ β
≥













 −
−−==
00f
00f**
f
SWTSWTlogNNlog
;
SWTSWTlogNNlog
exp1)SWT;N(Fp
 (3.4) 
where SWT0 is the fatigue limit defined in terms of the SWT parameter. 
The threshold parameters log(N0)=B and log(ε0)=C of the p-εa-N model or log(N0)=B and log(SWT0)=C 
of the p-SWT-N model may be estimated using a constrained least squares method. In turn, the Weibull 
parameters, β, λ and δ, are estimated by the maximum likelihood method. More details about the 
parameters identification procedure can be found in reference [5]. 
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Figure 3.9 shows the p-SWT-N and p-εa-N fields that were generated using the probabilistic model 
proposed by Castillo and Canteli [5] to describe the strain-life of the material based on Weibull 
distribution. The constants of the Weibull fields are also included in the figures, in particular the 
threshold constants (B and C) and the Weibull parameters (β, λ and δ). The Weibull fields show a 
hyperbolic behaviour with vertical and horizontal asymptotes. Although the horizontal asymptote has a 
physical background as fatigue limit, the meaning of the vertical asymptote may be questionable, which 
requires care for extrapolations to lives lower than those of the experimental data used in the 
identification process [5]. 
Both p-SWT-N and p-εa-N fields produce a good fitting of the experimental data. The statistical 
confidence intervals of the input parameters of the probabilistic model are not possible to be estimated 
analytically due to the complexity of the Weibull description of the complete εa-N field [5]. 
a) 
 
b) 
Figure 3.9 – Probabilistic fatigue field of the material from the Eiffel bridge: a) p-SWT-N field; b) p-εa-N field. 
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3.2.4. Fatigue crack growth rates 
Fatigue crack growth tests were conducted on material from the Eiffel bridge, according to the ASTM 
647-99 standard [59]. This fatigue tests allowed to assess the fatigue crack propagation rates for this 
material. Compact tension (CT) specimens were prepared with material from the Eiffel bridge with W= 
mm and t= mm. All tests were performed in air, at room temperature, under a sinusoidal waveform with 
a frequency of 20 Hz. The crack growth was measured on both faces of the specimens by direct visual 
inspection using two travelling microscopes with accuracy of 0.001 mm. The tests were performed in 
load control conditions in a Instron close-loop servo hydraulic machine, model 8801, rated to 100 KN. 
Figure 3.10 displays the overview of the CT specimens test. 
A total of 5 specimens were tested from the Eiffel bridge, one according to the longitudinal direction 
and four according to the transverse direction. The crack growth tests were performed using stess ratios, 
Rσ, equal to 0.1 and 0.5. 
 
Figure 3.10 – Overview of the CT specimen test [19]. 
The experimental crack propagation data obtained for each material related the crack propagation rate 
to the stress intensity factor range, using the power law as proposed by Paris and Erdogan [18]: 
m
KC
dN
da ∆⋅=
 
(3.5) 
where da/dN is the fatigue crack propagation rate, ∆K represents the stress intensity factor range and C 
and m are material constants. The fatigue crack propagation rate results from the derivative of these 2nd 
degree polynomials, which are expressed as a function of the stress intensity factor range. 
In the Figures 3.11 and 3.14 are showed the fatigue crack propagation rates of the material from the 
Eiffel bridge [1]. The crack propagation rates in the transverse direction showed a very irregular pattern. 
Figure 3.13 and 3.14 present all fatigue crack propagation rates together, for both stress ratios form the 
material from the Eiffel bridge. A comparison of the Paris mean regression lines for each stress ratio 
and the resulting from the aggregation of all stress ratios is made [1]. The analysis of the Figure 3.14 
shows that the fatigue crack propagation rate of the material are dependents of the stress ratios. A 
Probabilistic fatigue assessment for a notched geometry made of puddle iron from the Eiffel bridge 
 
32 
 
significant increase in the fatigue crack growth rate is observed for increasing stress ratio from 0.1 to 
0.5 [1]. 
 
Figure 3.11 – Fatigue crack growth data of the material from the Eiffel bridge, Rσ=0.1. 
 
Figure 3.12 – Fatigue crack growth data of the material from the Eiffel bridge, Rσ=0.5. 
 
Figure 3.13 – Fatigue crack growth data of the material from the Eiffel bridge, Rσ=0.1+Rσ=0.5. 
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Figure 3.14 – Comparison between the regression lines of fatigue crack growth rates for different stress ratios. 
3.2.5. Stress-life data 
Fatigue stress-life tests were performed using cylindrical smooth specimens produced with material 
from the Eiffel bridge for a stress ratio, Rσ, equal to 0. The fatigue results were performed in a Rumul 
Testronic resonance machine, rated to 200 KN. These fatigue tests were carried out in the laboratories 
of the Engineering Faculty of Gijon of the University of Oviedo. All tests were executed at room 
temperature, under a sinusoidal waveform with a frequency of 62 Hz. A typical smooth specimen 
presented in Figure 3.15 that was used in this fatigue stress-life tests were manufactured with a 5 mm 
diameter. 
 
Figure 3.15 – Typical smooth specimen used in fatigue tests [1]. 
Figures 3.16 to 3.18 show the Rumul Testronic resonance machine, the overview of the computer with 
acquisition system, and the cylindrical smooth specimen installed in the tests machine, respectively, 
which supported the fatigue stress-life tests. 
Table 3.7 are presented the experimental results of the fatigue tests of the cylindrical smooth specimens 
made of material from the Eiffel bridge. The experimental tests covered the stress ranges, Δσ, since 
297MPa to 455.5 MPa. For specimens denominated of CI-01, CI-03, CI-10, CI-11 and CI-16, the fatigue 
tests were interrupted to 10,000,000 cycles. These specimens were considered with an infinite life. The 
CI-14 specimen was considered static crash. Figure 3.19 presents the stress-life data of the cylindrical 
smooth specimens made of puddle iron from the Eiffel bridge. The experimental results of the Figure 
3.19 show a high dispersion in results, deu to the great heterogeneity observed for the old puddled iron 
material. 
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Table 3.7 – Experimental tests of the cylindrical specimens made of material extracted from Eiffel bridge. 
 
 
 
Figure 3.16 – Rumul Testronic resonance machine used in the fatigue stress-life tests. 
 
Specimen R σ ∆ σ σmax σmin Diameter Cross Section ∆ F F max F min f N f
- - MPa MPa MPa mm mm
2 N N N Hz cycles
CI-01 297.0 300.0 3.0 4.90 18.9 5600.7 5657.2 56.6 10,000,000
CI-02 336.6 340.0 3.4 4.93 19.1 6425.4 6490.3 64.9 6,437,021
CI-03 376.2 380.0 3.8 4.94 19.2 7210.5 7283.3 72.8 10,000,000
CI-04 396.0 400.0 4.0 4.94 19.2 7590.0 7666.6 76.7 785,242
CI-05 415.8 420.0 4.2 4.93 19.1 7937.2 8017.4 80.2 156,685
CI-06 435.6 440.0 4.4 4.93 19.1 8315.2 8399.2 84.0 827,226
CI-07 435.6 440.0 4.4 4.94 19.2 8348.9 8433.3 84.3 169,635
CI-08 415.8 420.0 4.2 4.91 18.9 7872.9 7952.5 79.5 406,889
CI-09 396.0 400.0 4.0 4.88 18.7 7406.7 7481.5 74.8 766,080
CI-10 376.2 380.0 3.8 4.88 18.7 7036.4 7107.4 71.1 10,000,000
CI-11 336.6 340.0 3.4 4.87 18.6 6269.9 6333.3 63.3 10,000,000
CI-12 445.5 450.0 4.5 4.92 19.0 8469.7 8555.2 85.6 621,658
CI-13 455.4 460.0 4.6 4.91 18.9 8622.8 8709.9 87.1 238,734
CI-14 455.4 460.0 4.6 4.93 19.1 8693.1 8781.0 87.8 7,652
CI-15 450.5 455.0 4.6 4.87 18.6 8390.6 8475.4 84.8 183,611
CI-16 386.1 390.0 3.9 4.90 18.9 7280.8 7354.4 73.5 10,000,000
0.01 62
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Figure 3.17 – Overview of the computer with acquisition system of the test data. 
 
 
 
Figure 3.18 – Cylindrical smooth specimen installed in the tests machine. 
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Figure 3.19 – Stress-life data of the cylindrical smooth specimens made of puddle iron from the Eiffel bridge. 
 
3.3. FATIGUE TESTS OF THE STRUCTURAL DETAIL WITH AN ELLIPTICAL HOLE 
A plate with an ellyptical hole that was made of puddle iron from the Eiffel bridge, was considered in 
this study. The tests were performed in an Instron close-loop servo hydraulic machine, model 8801, 
rated to 100 KN and were conducted at room-temperature in air. The S‐N results presented in this sub-
section were obtained using fatigue tests of specimens subjected to load control conditions, for stress R-
ratio equal to 0, at test frequencies, f, ranging between 5 and 10Hz. Figure 3.20 presents the dimensions 
of the structural detail with an elliptical hole. A total of 18 specimens were tested. Figure 3.21 illustrates 
the complete test series with cracked specimens of the structural detail made of material extracted from 
Eiffel bridge. Figure 3.22 and 3.23 show the overview of the fatigue tests and typical fracture surface, 
respectively, of the structural detail under consideration. An analysis to the fracture surface showed in 
the Figure 3.23 allows to identify the initiation and propagation phases. Tabble 3.8 are summarized the 
experimental fatigue results of all specimens under consideration. The fatigue data of the structural detail 
under consideration can be found in Figure 3.24. The stress range plotted in Figure 3.24 corresponds to 
the nominal/net stress range applied to the plate. 
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a) Dimensions of the structural detail in mm. 
 
b) Image of the cracked specimen. 
Figure 3.20 – Plate made with an elliptical hole of puddle iron from the Eiffel bridge. 
 
Table 3.8 – Experimental tests of the component detail made of material extracted from Eiffel bridge. 
  
 
Specimen S gross S net Rσ F max ∆ F f ∆ σ gross ∆ σ net N f
- mm
2
mm
2
- N N Hz MPa MPa cylces
D1 203.3 148.6 28511 28226 10.0 138.8 190.0 205524
D2 189.5 140.6 38344 37961 7.5 200.3 270.0 12503
D3 201.4 149.1 44138 43697 5.0 216.9 293.0 5194
D4 201.9 148.9 40602 40196 7.5 199.0 270.0 16839
D5 200.9 148.3 36709 36342 7.5 180.9 245.0 30856
D6 203.0 148.3 33716 33379 7.5 164.5 225.0 47075
D7 202.2 148.1 28432 28148 7.5 139.2 190.0 1434379
D8 200.4 148.3 33712 33375 7.5 166.5 225.0 52857
D9 195.9 143.4 27523 27248 7.5 139.1 190.0 903212
D10 201.4 147.6 29069 28778 7.5 142.9 195.0 119942
D11 200.4 147.9 29139 28848 7.5 144.0 195.0 299729
D12 192.4 141.5 28591 28305 7.5 147.1 200.0 168966
D13 194.2 143.3 28954 28664 7.5 147.6 200.0 539909
D14 198.0 144.3 26243 25981 7.5 131.2 180.0 388474
D15 192.0 143.4 35496 35141 7.5 183.1 245.0 18544
D16 199.6 149.5 40759 40351 7.5 202.2 270.0 9062
D17 199.9 150.1 44423 43979 7.5 220.0 293.0 6495
D18 200.5 150.6 27382 27108 7.5 135.2 180.0 265304
0.01
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Figure 3.21 – Overview of crached specimens of the structural details under investigation. 
 
Figure 3.22 – Overview of the fatigue tests of the structural detail under consideration. 
 
 
Figure 3.23 – Typical fracture surface of the cracked specimen. 
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Figure 3.24 – S-N data of the plate with an elliptical hole made of puddle iron from the Eiffel bridge. 
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4 
PROBABILISTIC S-N FIELD PREDICTION FOR A NOTCHED 
PLATE MADE WITH MATERIAL FROM THE EIFFEL BRIDGE 
 
4.1. INTRODUCTION 
The majority of fatigue models proposed in the literature are of deterministic nature. Their application 
for design purposes requires additional statistical arguments in order to allow the establishment of 
appropriate safety margins. In this section, a probabilistic approach [1,4] is applied to generate 
probabilistic S-N curves for a notched plate (plate with elliptical hole) made of puddle iron from the 
Eiffel bridge, supported on local strain approaches to fatigue. The plate with an elliptical hole is of 
interest to allow a better understanding of the fatigue behaviour of riveted joints. A comparison of the 
mean S-N curve (p=50%) is made with the results obtained from a plate with a circular hole using the 
procedure proposed by Correia et al. [1,4]. 
The model applied in this section is an extension of the fatigue crack propagation model proposed by 
Noroozi et al. [6,7] which is based on a local strain approach to fatigue. The latter model, denoted as 
UniGrow model, belongs to a class of fatigue crack propagation models based on residual stresses 
considerations, and is applied in this section to derive a probabilistic fatigue crack propagation field (p-
S-Np field) for a detail tested under stress control and a null stress R-ratio. The fatigue crack propagation 
is considered a damaging process consisting on continuous crack re-initializations over a material 
representative element with a size, ρ*. Based on pure fatigue crack growth data, the material 
representative element size, ρ*, was previously estimated by the authors [1]. The probabilistic fatigue 
crack initiation fields (p-S-Ni fields) are determined using an elastoplastic approach together with the 
material p-SWT-N fields. Finally, the global prediction of the probabilistic S-N fields (combination of 
the fatigue crack initiation and propagation phases) are compared with experimental S-N fatigue data 
for a notched plate, with a elliptical hole, made of puddle iron from the Eiffel bridge. 
 
4.2. GENERAL PROCEDURE TO GENERATE P–S–NF–R FIELDS FOR STRUCUTRAL DETAILS 
4.2.1. General procedure proposed by Correia et al. 
The procedure proposed by Correia et al. [1,4] to derive the probabilistic S–N–R fields for notched 
details or mechanical components is applied according to the following steps: 
1. Estimation of the parameters of the p–SWT–N or p–εa–N material fields, based on probabilistic 
model proposed by Castillo and Canteli [5], using experimental fatigue data from smooth 
specimens. These probabilistic fields will be the basis of the proposed model to evaluate the 
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probabilistic S–N fields of the notched details. The selection of the damage parameter (SWT: 
Smith-Watson-Topper or εa: strain amplitude) will depend on material/detail sensitivity to the 
mean stress or stress ratio. 
2. Estimation of the elementary material block size, ρ*, using fatigue crack propagation data 
pure fatigue crack propagation tests as for example CT specimens, following the procedure by 
Noroozi et al. [6,7]. The elementary material block size is estimated using a trial and error 
procedure in order to fit the experimental fatigue crack propagation data, for several stress ratios, 
within the estimated S-N field. 
3. Elastoplastic analysis of the uncracked detail in order to evaluate the average local stresses 
and strains at the first element block size ahead of the notch root. This step was performed in 
this research, using the finite element method. 
4. Application of the p–SWT–N or p–εa–N fields to derive the p–S–Ni–R field representative of 
the macroscopic crack initiation, in the structural detail/mechanical component. 
5. Application of a modified version of the UniGrow model to evaluate the fatigue crack 
propagation in the structural detail, using the elementary material block size computed 
previously on step 2. The residual stress field required in the UniGrow model was computed in 
this paper using elastoplastic finite element analysis. 
6. Computation of the p–S–Np–R field corresponding to the fatigue crack propagation in the 
notched detail/mechanical component. 
7. Combination of probabilistic fields from steps 4 and 6 to evaluate the global p–S–Nf–R field 
for the detail under analysis. 
The presented model assumes that the structural detail resisting section is discretized into material 
elementary blocks of length ρ*, placed along the assumed crack path (see Figure 4.1). The procedures 
adopted to compute the probabilistic S–Ni–R and S–Np–R fields, for structural details are summarized in 
Figures 4.2 and 4.3, respectively [1,4,5]. 
4.2.2. Upgrade on the application of the UniGrow model 
The UniGrow model was proposed by Noroozi et al. [6] to compute the elastoplastic stresses and strains 
at the elementary material blocks ahead of the crack tip, and was further developed in the current study, 
particularly in what concerns the determination of the number of cycles to failure of the elementary 
material blocks, in the fatigue crack propagation regime, according to the following procedure: 
i) The stress intensity factors are determined for the detail under investigation using linear elastic finite 
element analysis and the J-integral method. 
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ii) The original procedure for the computation of the residual stress distribution consisted in the 
following actions: 
a) Elastic stress fields ahead of the crack tip are estimated using analytical solutions for a crack 
with a tip radius, ρ*, and using the stress intensity factors solutions from analytical formulae. 
b) The actual elastoplastic stresses and strains, ahead of the crack tip, are computed using 
Neuber’s or Glinka’s approach [60,46]. 
c) The residual stress distribution ahead of the crack tip is computed using the maximum actual 
elastoplastic stresses resulting at the end of the first load reversal and the subsequent cyclic 
elastoplastic stress range, σr = σmax - Δσ. 
In this study, sub-steps a), b) and c) were replaced by an elastoplastic finite element analysis in 
order to allow the direct computation of the residual stress fields to be performed. 
iii) The residual stress distribution computed ahead of the crack tip is assumed to be applied on the crack 
faces, behind the crack tip, in a symmetric way with respect to the crack tip. The residual stress intensity 
factor, Kr, is then computed using the weight function method according to the following general 
expression [61]: 
( ) ( ) dxaxmxσK a rr ∫ ⋅=
0
,
 
(4.1) 
To this purpose, the weight function m(x,a) was computed for the cracked detail under consideration 
using the following expression [61]: 
( )
a
u
K
H
axm
y
I ∂
∂
⋅=,
 
(4.2) 
where H=E (Young's modulus) for generalized plane stress, and H=E/(1-v2) for plane strain, v being the 
Poisson's ratio; KI is the stress intensity factor and uy is the corresponding crack opening displacement. 
In this research the weight functions were computed using a linear elastic finite element model for the 
cracked geometries. 
iv) The applied stress intensity factor (maximum and range values) is corrected using the residual stress 
intensity value, resulting in the total effective values, Kmax,tot and ΔKtot [6,7]. For positive applied stress 
ratios, Kmax,tot and ΔKtot may be computed as follows: 
rappliedtot
rappliedtot
KKK
KKK
+=
+=
ΔΔ
max,max,
 
(4.3) 
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where Kr takes a negative value corresponding to the compressive stress field. This residual stress 
correction makes the crack propagation model sensitive to the stress ratio effects. In fact, the 
compressive stresses decrease with increasing stress ratio. Consequently, the total stress intensity factors 
tend to the corresponding applied stress intensity factor. For lower stress ratios, the total stress intensity 
factors will be lower than the applied ones. This step, corresponding to the original proposal of Noroozi 
et al. [6] was followed in this study. 
v) Using the total values of the stress intensity factors, the above steps 2a) and 2b) are applied to 
determine the updated values of the actual maximum stress and actual strain range for the material 
representative elements. Then, Smith-Watson-Topper (SWT)-N [58] or Morrow’s relations [53] are 
applied to compute the number of cycles required for the material representative element to fail. For 
materials with the stress propagation rates more sensitivity to the stress ratio, Smith-Watson-Topper 
(SWT)-N [11] should be used. Otherwise, Morrow’s relation [53] may be adequate. Morrow’s equation 
referred here corresponds to the superposition of Basquin [57] and Coffin-Manson relations [55,56] 
without any mean stress correction. 
The UniGrow crack propagation model will be applied to compute the number of cycles required to 
propagate an initial crack at the notch root of a detail until its critical dimension, responsible for the 
collapse of the component, is achieved. In this research, it is postulated that the crack initiation 
corresponds to the development of a crack with a size equal to the elementary material block dimension, 
ρ*. In addition to the number of cycles required to propagate the crack, the number of cycles required 
to initiate a crack of a size, ρ*, equal to the elementary material block, will be also computed using a 
local approach. For this purpose, an elastoplastic stress/strain analysis will be carried out for the 
uncracked geometry to derive the average stress/strains at the first elementary material block ahead of 
the notch root (see Figure 4.2). 
4.2.3. Upgrade on the application of the UniGrow model 
In this section the probabilistic S-N field of the notched detail is presented the expression that allows to 
determine the number of cycles to failure: 
pif NNN +=  (4.4) 
The crack initiation corresponds to the initiation of a crack of a size equal to the elementary material 
block size, ρ*. The number of crack propagation cycles corresponds to the number of cycles required to 
propagate the initial crack with the size of the elementary material block size until failure, i.e. unstable 
crack propagation. 
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Figure 4.1 – Representative material blocks along the crack propagation path of a notched geometry. 
 
 
Figure 4.2 – Procedure for the estimation of the probabilistic fatigue crack initiation field for notched geometries. 
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Figure 4.3 – Procedure for the estimation of the probabilistic fatigue crack propagation field for the notched 
geometries [1]. 
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4.3. FINITE ELEMENT MODELLING OF A NOTCHED PLATE MADE OF PUDDLE IRON FROM THE EIFFEL 
BRIDGE WITH AN ELLIPTICAL HOLE 
A bi-dimensional finite element model of the structural detail was proposed, using ANSYS® 12.0 
commercial code [62]. Figure 4.4 illustrates a typical finite element mesh of the detail. This mesh 
exhibits a crack on the left side of the notch. In the practice, cracks started at both sides of the notch root 
and propagated symmetrically in the plate.  Taking into account the existing symmetry planes, only ¼ 
of the geometry is modelled. Plane stress quadratic triangular elements were used in the analysis due to 
the limited specimen thickness. The same PLANE 181 elements used in the analysis of the P355NL1 
plate, were also applied to build this plate. 
A highly refined mesh at the crack tip region was used in order to model the crack tip notch radius, ρ*, 
and the magnification is showed in Figure 4.4. The von Mises yield criterion with multilinear kinematic 
hardening, was used in simulations aiming at an estimation of the residual stress. The plasticity model 
was fitted to the stabilized cyclic curve of the material, which is presents in Section 3.2.3 of Chapter III. 
The crack initiation is modelled using the p-SWT-N field, due to the sensitivity of the material to the 
stress ratio, which is visible on the fatigue crack propagation rates. The crack propagation will be 
performed using the so-called UniGrow model, using probabilistic fatigue damage fields. 
The value of the elementary material block size, ρ*=12×10-4m, was estimated in the Reference [1], using 
fatigue crack propagation data from CT specimens. 
 
 
Figure 4.4 – Finite element mesh of the plate with an elliptical hole. 
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4.4. MODELLING OF THE INITIATION PHASE 
The p-SWT-N model is used to predict the fatigue crack initiation (failure of the first elementary material 
block) at the notch root of the detail – according to the procedure illustrated in Figure 6.2. An 
elastoplastic finite element analysis was used to compute the stress/strain history at the notch root. The 
same material model as applied for the CT specimen simulation was adopted for the detail. In order to 
facilitate the strain amplitude computation, loading followed by unloading steps were simulated using a 
plasticity model identified with the stabilised cyclic stress-strain curve of the material. 
Figure 4.5 presents the p-S-Ni field of the fatigue crack initiation for the detail, for R=0.0. The initiation 
phase is dominant as already confirmed by Correia [1] for a structural detail with a circular hole made 
with material from the Eiffel bridge. 
 
Figure 4.5 – p-S-Ni field obtained for the notched plate with elliptical hole made of material from 
Eiffel bridge. 
 
4.5. MODELLING OF THE PROPAGATION PHASE 
The procedure adopted to compute the probabilistic S-Np field for the notched plate is illustrated in the 
Figure 4.3. A value of the elementary material block size, ρ*=12×10-4m, was previously estimated by 
Correia [1] using an independent identification based on pure fatigue crack propagation data. Finite 
element models of the detail were used to perform elastoplastic stress analysis for the computation of 
the residual stresses. In addition, linear elastic finite element models were used to compute the weight 
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functions required for the residual stress intensity factor computation as well as the stress intensity factor 
solutions for the notched geometry. 
The stress intensity factors were determined based on a linear-elastic finite element analysis using the 
J-integral method. Figure 4.6 shows the stress intensity evolution with the crack length for a unit remote 
stress, which was used to determine the ∆Kapplied. 
The residual stresses were computed after loading followed by unloading steps. High compressive 
stresses are observed at the vicinity of the crack tip. The residual stress distribution along the y direction 
ahead of the crack tip are presented in Figure 4.7, resulting from the elastoplastic finite element analysis. 
 
Figure 4.6 – Stress intensity factors as a function of the crack length, for a unit load. 
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a) a=2.5mm 
 
Figure 4.7 – Residual stress distributions for the notched plate for several crack sizes. 
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Figure 4.8 – Weight functions of the notched detail for different crack lengths. 
 
 
Figure 4.9 – Residual stress intensity factor as a function of the applied stress intensity factor range. 
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crack propagation is justified by the fact that the material showed a crack propagation rate sensitivity to 
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Figure 4.10 – p-S-Np field obtained for the notched plate with elliptical hole made of material from 
Eiffel bridge. 
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Figure 4.11 – p-S-Nf field obtained for the notched plate with elliptical hole made of material from Eiffel bridge. 
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5 
FATIGUE ANALYSIS FOR A NOTCHED DETAIL BASED ON 
SMOOTH SPECIMENS USING KOHOUT-VĚCHET MODEL 
 
 
5.1. INTRODUCTION 
Materials and notched details are often subjected to various types of fatigue loadings causing different 
regimes of fatigue failure which may range from quasi-static monotonic loading to very high cyclic 
fatigue damage. These fatigue regimes may arise in scenarios of normal routine loadings that cause low-
cycle and high-cycle fatigue damage and exceptional loadings, such as earthquake loadings, which may 
lead to failure for a very reduced number of cycles to failure (ultra-low-cycle fatigue) for example [65]. 
The fatigue Kohout-Věchet (KV) model consists of a function that represents the fatigue S-N curve in 
all referred regimes, low- and high-cycle fatigue regions. This model describes the region of cycles from 
tensile strength to permanent fatigue limit. 
In this section, a fatigue S-N curve that allows to find the complete fatigue S-N response of the material 
from the Eiffiel bridge, using smooth specimens under uniaxial stress, is presented based on original 
suggestion by Kohout and Věchet. The short and long-term fatigue domains are included in this analysis. 
The stress-life data of the cylindrical smooth specimens are presented in sub-section 3.2.5 of Chapter 3. 
Also in this study, KV model is applied to the structural details with an elliptic hole made with material 
from the Eiffel bridge. A relationship between the fatigue KV curves obtained from the cylindrical 
smooth specimens and from the notched specimens is presented to estimate the fatigue notch factor. 
5.2. FATIGUE KOHOUT-VĚCHET MODEL USING DIFFERENTS FATIGUE DAMAGE PARAMETERS 
Several laws have been proposed to describe the fatigue curves (called Wohler's or S-N curves) for 
materials and structural details subjected to fatigue cyclic loadings. The fatigue tests are made 
considering the stresses range, ∆=, as a function of numbers of cycles, =. Thus, the design S-N curves 
are presented as it follows: 
∆ ∙  = 
 (5.1) 
where Y and 
 are constants. 
The stress ranges are considered independents variables and the number of cycles are considered 
dependent variables. The most important properties in the S-N curves are the slope of the fatigue curve, 
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the fatigue limit stress, tensile strength, among others. The S-N fatigue curves are presented in JKL vs. 
ZKL  or JKL vs.  coordinates which it is very common to use the term proposed by Basquin [14]: 
 =  (5.2) 
where  and \ are the Basquin parameters. 
Other expressions based on Basquin proposal have been proposed to describe the fatigue S-N curves, 
usually designated by Basquin expressions. Thus, the expression of Basquin extended to also describe 
low-cycle region is as follows: 
 =  +  (5.3) 
Another equation based on Basquin expression to describe the high-cycle region is given by 
 =  +  (5.4) 
So both low- and high-cycle regimes are represented by the following expression: 
 =  +  +  (5.5) 
Equation (5.5) is called Palmgren function. 
A model with objective to describe all fatigue regimes for the S-N curve, since very high-cycle to very 
low-cycle, was proposed by Kohout and Věchet and is given by Equation (2.2) in sub-section 2.3 of 
Chapter 2. The KV model has been used in many studies of fatigue evaluation of materials and structural 
details. An evaluation to determine the influence of the stress gradient in the stress-life response of a 
given notch specimen based on experimental results of smooth specimens was made by Vargas et al. 
[66]. Chaminda et al. [67] used several approaches to estimate the remaining fatigue life of critical 
members in railway bridges using the fatigue S-N curve of the old material using the KV model. 
A new model of strain-life curve was proposed by Karunananda et al. [68] based on the assumptions of 
the KV model and expressed as, 
. = .$  + ] + $ 
^
 
(5.6) 
where .$ is the strain amplitude of the fatigue limit, $ is the number of cycles to failure at the strain of .$, ] is the number of cycles corresponding to the intersection of the tangent line of the finite life 
region and the horizontal asymptote of the ultimate elastic strain amplitude ._`ab, and \* is the slope of 
the finite life region. The ultimate strain for low cycle fatigue ._cab, which is the total strain amplitude 
corresponding to failure in a half reversal (a quarter of a cycle), is obtained using following expression: 
.def = .*  (5.7) 
In Equation (3.3), when N equals 0.25 which corresponds to a quarter of a cycle, the elastic strain 
amplitude ,* 1⁄ - is very small compared to the plastic strain amplitude, .* . The total strain is given by 
the plastic strain amplitude as shown in Equation (5.7). 
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.gef is the ultimate high cycle fatigue strain which is the elastic strain amplitude corresponding to a 
half reversal (a quarter of a cycle) and expressed as 
.gef = h]1 i (5.8) 
where ] is the ultimate tensile strength of the material. .gef  can be obtained from a monotonic tension 
test of the material. It is the true monotonic tension fracture ductility. 
Figure 5.1 shows the schematic representation of the strain-life fatigue curve that was proposed by 
Karunananda et al. [69]. This model was used to estimate the fatigue life of a member of a bridge caused 
by regular traffic and seismic loads. 
Other studies [70-73] have been done using the KV model with the objective to get the remaining fatigue 
life evaluation of corroded bridges members [70] and also to obtain the fatigue reliability assessment of 
bridges members [71]. 
 
Figure 5.1 – Schematic representation of the strain-life curve proposed by Karunananda et al. [69]. 
5.3. A GENERALIZATION OF THE KOHOUT-VĚCHET MODEL FOR OTHER FATIGUE DAMAGE 
PARAMETERS 
A new model using energetic parameters (eg. Smith-Watson-Topper Damage Parameter) can be found 
taking into account the same assumptions of the KV model. The Smith-Watson-Topper (SWT) fatigue 
damage parameter [58] is given by the following expression: 
( ) ( ) ( ) cbfffb2f2fmax N2''EN2'SWT2 +⋅⋅+⋅==⋅ εσσε∆σ  (5.9) 
The proposed model using the SWT fatigue damage parameter is the following: 
jkl = jkldef  + ]$ + $ 
^ ≡ jkl$  + ] + $ 
^ ≡ jklgef 1 +  ]⁄1 +  $⁄ 
^
 
(5.10) 
  
Log (N) 
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. = .O  + m + O 
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where jkl$ is the SWT fatigue damage parameter of the fatigue limit, $ is the number of cycles to 
failure for the jkl$ parameter, ] is the number of cycles corresponding to the intersection of the 
tangent line of the finite life region and the horizontal asymptote of the ultimate high cycle fatigue SWT 
parameter, jkl_`ab, and \* is the slope of the finite life region. 
The ultimate low cycle fatigue SWT parameter, jkl_cab, which corresponds to the total strain 
amplitude corresponding to failure in a half reversal (a quarter of a cycle), is obtained using following 
expression: 
jkldef = ",def ∙ .def 	 * ∙ .*  (5.11) 
jklgef is the ultimate high cycle fatigue SWT parameter which corresponds to the elastic strain 
amplitude corresponding to a half reversal (a quarter of a cycle) and expressed as 
jklgef 	 ",gef ∙ .gef 	 ] ∙ h]1 i 	
]G
1  (5.12) 
where ] is the ultimate tensile strength of the material. 
Figure 5.2 shows the schematic representation of the SWT-N fatigue curve that is proposed in this 
research. This proposed model is more complete than the previous proposed models based on the KV 
model by the fact that take into account the mean stress effect of the structural materials. 
 
Figure 5.2 – Schematic representation of the SWT–N curve proposed in this thesis. 
A generalization of the Kohout-Věchet model for several fatigue damage parameters (o), sush as, stress-
, strain- and energy-based parameters, can be given by the following equation: 
o 	 op   ]  $
^
 
(5.13) 
where op is the limit fatigue damage parameter. 
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5.4. PROCEDURE TO EVALUATE THE FATIGUE NOTCH FACTOR 
The fatigue strength reduction factor, Kf, is thought of as the effective stress concentration in fatigue, 
which depends of the stress concentration and the material under consideration. Small stress 
concentrations are more effective in high strength materials [74]. This effect is dealt with using a notch 
sensitivity factor, q: 
 	 1   − 1 ∙ q (5.14) 
The notch sensitivity factor q is an empirically determined constant that depends on the notch radius and 
material strength [74]. 
In this sub-section, a procedure is presented to evaluate the fatigue notch fractor, ,  for the notched 
details based on a comparison between the S-N curves of cylindrical smooth specimens and notched 
details. The fatigue KV model applied to the experimental results of the smooth specimens and notched 
details allows to estimate the fatigue strength reduction factor, , given by following expression: 
 = jrsstj%$=#  (5.15) 
where, jrsst is the smooth fatigue strength and j%$=# is the notched fatigue strength. This parameter 
can be compared with numerical analysis of notched details under consideration. This parameter is 
important in fatigue analysis of structural details using Neuber or Glinka approaches [60,46]. 
 
5.5. FATIGUE KOHOUT-VĚCHET MODEL APPLIED TO THE CYLINDRICAL SMOOTH SPECIMENS 
5.5.1. Fatigue tests of smooth specimens under stress-controlled conditions 
The fatigue life response of cylindrical smooth specimens made with material from the Eiffel bridge 
under uniaxial stress using Kohout-Věchet model was adjusted. The results are plotted in Figure 5.3 
illustrating the evolution of maximum stress with the number of cycles to failure. In the Table 5.1 are 
presented the constants of Kohout-Věchet model that were estimated using Equation (2.2). 
Table 5.1 – Constants of Kohout-Věchet model for the cylindrical smooth specimens. 
Rσ a (MPa) b B=Nu C=Ne 
0 766.4785 -0.0468 54712 34928950 
 
Probabilistic fatigue assessment for a notched geometry made of puddle iron from the Eiffel bridge 
 
60 
 
 
Figure 5.3 – Kohout-Věchet model applied to the experimental data for the cylindrical smooth specimens. 
5.5.2. Fatigue tests of smooth specimens under strain-controlled conditions 
The fatigue life response of smooth specimens made with material from the Eiffel bridge under strain-
controlled conditions using a generalization of the Kohout-Věchet model using the SWT fatigue damage 
parameter was estimated. The results are plotted in Figure 5.4 illustrating the evolution of SWT 
parameter with the number of cycles to failure. In the Table 5.2 are presented the constants for the 
generalization of the Kohout-Věchet model using the SWT fatigue damage parameter that were 
estimated using Equation (5.10). 
Table 5.1 – Constants of Kohout-Věchet model for the cylindrical smooth specimens. 
fu (MPa) E (GPa) SWTUHCF (MPa) b B=Nu C=Ne 
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Figure 5.4 – Generalized Kohout-Věchet model for SWT parameter applied to the experimental data for 
the smooth specimens under strain-controlled conditions. 
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The fatigue life response of notched specimens with elliptical hole made with material from the Eiffel 
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Figure 5.5 – Kohout-Věchet model applied to the experimental data for the cylindrical smooth specimens. 
 
5.7. EVALUATION OF THE FATIGUE STRENGTH REDUCTION FACTOR 
The evaluation of the fatigue strength reduction factor, ,  is made using the Equation (5.18). Thus, the 
number of cycles to failure were obtained from the fatigue KV model adjusted to the experimental results 
for the cylindrical smooth specimens and notched specimens (pate with elliptical hole). Table 5.4 
summarizes the evolution of the fatigue notch factors with the number of cycles. 
Table 5.4 – Fatigue notch factors generated by the KV Model. 
Number of Cycles Fatigue Strength of 
Smooth Specimens 
[MPa] 
Fatigue Strength of 
notched Specimens 
[MPa] 
Kf 
10000 456.4 267.2 1.71 
50000 446.3 234.0 1.91 
100000 438.2 221.0 1.98 
200000 428.2 209.5 2.04 
500000 413.0 197.1 2.10 
1000000 401.0 190.5 2.11 
Figure 5.6 shows the fatigue strength reduction factor as a function of number of cycles to failure. The 
Kf ranges from 1.44 to 2.11, however, this parameter is practically constant up to 1 × 10w cycles and 
R=0
Adjusted Kohout-Vechet model: R=0
Number of cycles to failure, Nf
M
a
x
im
u
m
 s
tr
e
ss
, σ
m
a
x,
  [
M
P
a
]
1 1E1 1E3 1E4 1E5 1E6 1E7
150
200
300
1E2 1E8
350
Probabilistic fatigue assessment for a notched geometry made of puddle iron from the Eiffel bridge 
 
63 
 
tends to stabilize from 1 u 10x cycles. In the low cycle fatigue region, Kf varies significantly with the 
number of cycles. This analysis proves that the notch sensitivity parameter varies with the number of 
cycles in the region between 1 u 10w and 1 u 10x cycles. 
The linear-elastic stress concentration factor, Kt, was estimated using the eFatigue website [74]. This 
parameter is equal to 3.04. Figure 5.7 presents the web application that allowed to obtain this parameter. 
The fatigue notch factor is significantly below that Kt, demonstrating that the effective stress 
concentration factor are influenced by the geometry and the material. 
 
Figure 5.6 – Fatigue strength reduction factor vs. number of cycles for plate with an elliptical hole. 
 
 
Figure 5.7 – Procedure used to estimate Kt. 
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6 
CONCLUSIONS 
 
In this thesis, the strain-life and fatigue crack propagation data for samples of original material from 
Eiffel bridge was compiled. Also, fatigue strain-life data for the cyclindrical smooth specimens were 
collected. The strain-life fatigue data was correlated using deterministic models. The fatigue crack 
propagation data was correlated using the Paris model. Material from the Eiffel bridge is very likely 
puddle irons account give of their age, the high microstructural heterogeneities and the low ductility 
properties. These experimental results were executed and collected by Correia et al. [1]. 
Regarding the cyclic elastoplastic behaviour, the material from Eiffel bridge is satisfactorily described 
by the Masing model, since some apparent deviation from the Masing behaviour may be justified by 
scatter in material properties. 
Regarding the strain-life behaviour of the materials investigated, the number of transition reversals 
decreases with increasing age of the materials. The older materials show a transition life between low- 
and high-cycle fatigue regimes that is considered very low. 
The fatigue crack propagation tests showed that the Paris law gives a good description of the fatigue 
crack growth data, for each stress ratio. The exponent of the Paris law resulted always greater than the 
value suggested by codes of practice (m=3). The C coefficient was in order of magnitude lower than that 
recommended in literature for modern construction steels. A fatigue crack propagation design curve was 
proposed taking into account the fatigue crack propagation tests on original samples of the material from 
Eiffel bridge. 
A unified approach to derive probabilistic S-N fields proposed by Correia for structural details taking 
into account both crack initiation and crack propagation was used. This approach combines finite 
element analyses with the UniGrow model and probabilistic fatigue damage fields of the base material. 
One key parameter in this approach is the definition of the elementary material block size, which was 
identified using an independent procedure and pure fatigue crack propagation data. 
The predicted p-S-Ni field for fatigue crack initiation on the structural detail, based on the p-SWT-N 
model and elastoplastic finite element analysis provided a good agreement with the experimental results, 
for R=0. The adaptation of the UniGrow model allows us to reproduce satisfactorily crack propagation 
prediction using residual compressive stress estimation, based on elastoplastic finite element analysis of 
the notched detail, and the p-SWT-N damage model. The residual stress intensity factor, computed from 
the compressive residual stress field using a finite element analysis, relates linearly to the applied stress 
intensity factor range, thus confirming a typical trend documented in the literature. The global P-S-N 
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field prediction for the notched detail (R=0), taking into account the fatigue crack initiation and 
propagation, shows satisfactory results. In this study, crack initiation is the dominating fatigue damaging 
process, while the fatigue crack propagation exerts a small influence on global predictions of the P-S-N 
field, mainly in the high-cycle fatigue regime. The procedure proposed to derive the probabilistic S-N 
curves for structural details proved to be quite efficient and accurate since it can be used to reduce the 
need for extensive testing of structural components. Only small-scale testing data is required. 
Based on the study performed, the assumptions of Kohout-Věchet model allowed to obtain global S-N 
curves for the experimental results under uniaxial stress of cylindrical smooth specimens and plate with 
an elliptical hole made with material from the Eiffel bridge. An evaluation of the fatigue notch factor 
was made. This analysis demonstrated that the Kf parameter can be obtained based on experimental 
results of smooth specimens under uniaxial stress-controlled. This parameter varies for different stress 
levels, meaning that it is non linear for different load levels, although more significant for low-cycle 
regime. 
A relation between the S-N curves for different stress ratios must be found on subsequent developments. 
Additional studies are required and a comparison with other models, such as the fatigue S-N model 
proposed by Lemaitre and Chaboche, must be performed. The strain-life curves can be displayed using 
the assumptions of the KV model proposed by Karunananda and a generalization can be made for other 
fatigue damage parameters. The KV model for stress-life and strain-life allows to evaluate the fatigue 
behavior of structural details covering the totality of the fatigue data range. 
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